In the dorsal skin of fetal rats, the epidermis on day 16 
I. Introduction
serves as an elegant model for studying the cellular differentiation process in vivo [9, 33] or in vitro [11, 15] , since its constituent cells are arranged in order according to the stages of differentiation. Fetal epidermis starts to differentiate simultaneously and the epidermis at the period around the birth consists of keratinocytes almost exclusively. Furthermore it shows the process of differentiation clearer in detail than that of adult tissues. Epidermal cells lose their organelles including mitochondria, endoplasmic reticula and nuclei in the process of keratinization, while the mechanisms responsible for the disappearance of these organelles have not been fully elucidated. In this paper, we have studied the morphology of keratinocytes with special interest on the mechanisms of the extinction of organelles.
It is known that the degeneration of nuclei is accompanied by DNA fragmentation [25, 29, 45] . Although morphological similarity to apoptotic cells has been pointed out to be one of the features of differentiating keratinocytes [31, 43, 50] , we have studied the structure of nuclei and cytoplasm in detail during the terminal differentiation of fetal and neonatal keratinocytes, and have shown that the programmed cell death (PCD) in these cells occurs in a keratinocytespecific manner as well as displaying apoptotic aspects.
According to the most widely accepted manner of classification, cell death is divided into two forms, one is necrosis and the other is apoptosis [51] , and the latter is often considered to be identical to programmed (physiological) cell death (PCD) [1, 18] . However, other types of the classification are possible. For example, Schweichel and Merker [39] divided PCD into 3 types based on the condensation of the nucleus and the cytoplasm and the contribution of the lysosomal system. Their idea was extended and refined by Clarke [5] , who classified PCD into three morphological types: "apoptotic", "autophagic", and "non-lysosomal vesicular". The destruction of the cytoplasm in these three types of processes appears to be achieved primarily by heterophagy, by autophagy and by non-lysosomal degradation, respectively.
Among several types of cells in which PCD is known to occur, epidermal cells, hair follicle cells, erythrocytes and eye lens cells etc. have special features that they lose almost all of their organelles before death. We focused on autophagy to explain the extinction of organelles. Autophagy may participate in the terminal differentiation process of the epidermis in a delicate way, because the cells must remain functional after the disappearance of their organelles. In other words, the typical rapid cell death seen in the case of apoptosis must be avoided. One of the purposes of this study was to estimate the contribution of autophagy to the terminal differentiation process.
We therefore examined the morphological features of the lysosomal systems of the epidermis by electron microscopy as well as by immunohistochemistry.
Materials
and Methods
Sprague-Dawley rats were purchased from Nippon SLC Inc. (Hamamatsu, Japan). The day on which sperm could be detected in the vagina was taken as day 0 of gestation. Anti-human cathepsin D monoclonal antibody (C47620) was purchased from Transduction Laboratories Inc. (Lexington, KY). Anti-human cathepsin B rabbit antibody was prepared as described previously [22] . Anti-rat lysosomal glycoprotein lgp 120 rabbit antibody was prepared as described previously (Lewis et al. 1985 In situ end-labeling of DNA strand breaks method The tissue sections were prepared in the same way as described in the histochemistry section. Then they were processed according to the manufacturer's manual by use of TACS 2 TdT (DAB) in situ apoptosis detection kit, which is a product of Trevigen, Inc. Gaithersburg, MD. In brief, rehydrated sections were treated with proteinase K (1 mg/ml) for 10min at room temperature, and then endogenous peroxidase was removed. End-labeling of DNA strand breaks were performed by terminal deoxynucleotidyl transferase in combination with biotinylated nucleotides, which was detected by streptoavidin-horseradish peroxidase conjugates. Diaminobenzidine was reacted with the above-tieated sections to generate an insoluble colored substrate where DNA fragmentation had occurred.
III. Results
Development of epidermis Some textbooks include photographs of conventional paraffin sections of the skin of the human adult [33] or mouse embryo [41] . These show epidermal cells that have a vacuole-like structure around their nuclei. We reinvestigated the sections of developing rat skin to determine when the vacuole-like structure appears in the epidermis (Fig. 1 ). In the case of the fetal rats examined in the present study, day 16 epidermis was composed of a few layers of primitive keratinocytes and the peridermal layer (Fig. 1A) . Day 18 epidermis already exhibited special features in that basal and peridermal cells were stained normally, whereas other intermediate cells seemed to have areas stained very poorly (Fig. 1B) . By the day of birth, the poorly stained area was located around the nucleus (Fig. 1C, D) . We named this area the perinuclear (cytoplasmic) compartment="PNC". Some adult cells also have the PNC and electron micrographs of the area corresponding to the PNC have appeared in previous publications [31, 33] , however, it has not yet been studied intensively.
The developmental process of epidermis was also studied by electron microscopy.
In contrast to day 18 epidermis which has no layers corresponding to s. corneum (Fig. 2, [3] ), day 20 epidermis contained several layers of s. corneum as well as s. granulosum, s. spinosum, and s. germinativum ( Fig. 2A, B) . These observations indicate that one layer of s. corneum must be formed within half a day or a shorter period. The keratohyaline granules in the s. granulosum changed to the amorphous adult type and marked formation of tonofibrils was observed in the s. granulosum and the s. spinosum. Apoptotic morphology of the nucleus, which was not found on day 18, appeared on day 20 (thick arrow in Fig. 2A ). The heterochromatin was accumulated around the inner surface of the nucleus. Thus, adult-type morphological features of the epidermis were, for the most part, established by day 20 of gestation.
Perinuclear compartment
A special cytoplasmic area surrounding the nucleus, termed the "PNC", became apparent on day 20 of gestation. Although these areas may not have been electron lucent on day 20 (Fig. 2C) , some became electron lucent on the day of birth (day 21 of gestation) (Fig. 3) . The arrow in Fig. 3B indicates the PNC, which was clearly distin- guishable from the other part of the cytoplasm, appeared in cells located just above the s. germinativum. In contrast, the nuclei in cells of the s. germinativum were surrounded by electron dense cytoplasm (arrowheads in Fig. 3B ). These observations indicate that formation of the PNC may be one of the early signs of keratinocytic differentiation.
Although tonofibrils and keratohyaline granules were usually found to be absent in the PNC, mitochondria or endoplasmic reticulum were often included in the PNC (Fig. 3C) .
Morphological changes in the nucleus
The process of terminal differentiation usually includes morphological changes in the cell nucleus. The nuclei in the cells of the s. spinosum exhibit obviously different morphology in terms of having a spherical shape and showing loss of heterochromatin as compared to those in the cells of the s. germinativum which have a cylindrical shape and which show an abundance of heterochromatins (Fig. 3) . We present here electron micrographs showing the various types of nuclei in cells located at the uppermost border of the s. granulosum where drastic restructuring of cells would be executed (Figs. 4, 5) , such as extinction of organelles, disassembly of keratohyaline granules, and formation of closely weaved keratin filaments. Specimens were obtained from day 20 fetuses (Fig. 4) and neonatal animals on the day of birth (Fig. 5) .
Typical apoptotic morphologies, such as accumulation of chromatins to the inside surface of the nucleus (Figs. 4A, 5A ) and amorphous structure of nucleus (Figs.  4B and 5B, C), was observed in the early stages of the process of degeneration of the nucleus, whereas the morphology in later stages appeared to be somewhat keratinocyte-specific (Figs. 4C and Fig. 5D, G) . Although convolution of the nuclear membrane was observed, separation of the nucleus into several pieces was not found. Margination of chromatin around the inside rim of the nuclear membrane was observed, while the large crescentic cap which is characteristic of typical apoptosis was not found. When cells entered into the border between s. granulosum and s. corneum, the cells and their nuclei were compressed and form laterally extended structures (Figs. 4D and 5E, F) . In addition, of course, the cells remained evident in the epidermis for several days after complete digestion of the nucleus. It is noted that the PNC did not decrease in size in response to the degeneration of the nucleus. The inside area of PNC (*a in Fig. 5F ) is generally electron lucent as compared to the ordinary cytoplasm (*b in Fig. 5F ).
DNA fragmentation
DNA fragmentation is one of the well-known markers of apoptosis [10, 51] . Morphological degeneration of the nucleus and chromatin, as mentioned above, was expected to involve the fragmentation of DNA. Furthermore, it is of interest to determine where and when the fragmentation occurs during epidermal differentiation. Results obtained by means of the conventional in situ DNA-end labeling assay [10] are shown in Fig. 6 . Dense staining of cytoplasm seen around the boundary between the s. spinosum and the s. granulosum as well as in the basal layer may be a false positive DAB reaction [17] . The positive staining was seen in the nuclei of the cells located between the s. spinosum and the s. granulosum as well as in the area of inner root sheath of developing hair follicles. As described in the previous section, the nuclei in the cells of s. spinosum showed no conspicuous apoptotic structures, while the results suggest that they began to undergo the DNA fragmentation. It confirms the results reported earlier [29] . We speculate that some cells in s. germinativum preparing to form hair follicles may undergo DNA fragmentation, since internal and external root sheath cells or their progenitors were stained distinctly (Fig. 6A, B) . The staining in the s. corneum seemed to be an artifact, since it could be seen in a control experiment as well (Fig.  6C ).
Autophagy and lysosome
Autophagy is one of the non-apoptotic physiological degradation systems in the cell. Some cells in the s. granulosum were rich in lysosomes (Fig. 7A) . The cristae structure of mitochondria, which may be destroyed within 10 min [12] , was observed in the oval boxes in Fig. 7B , and probably also in 7C, suggesting macroautophagy of mitochondria.
Antibodies against cathepsin B, D and a lysosomeendosome specific glycoprotein were used to study the distribution of lysosomes in the tissue.
The results of western blotting are shown in Fig. 8 . Both lane 4 (cathepsin D) and lane 5 (cathepsin B) represented two bands, which are thought to correspond with the single chain form and the heavy chain of the two chain form [8, 27] . Essentially non-specific bands were not seen. The antibody against lgp120 appeared to react solely with two antigens of which sizes are around 60 kD (lane 3). It was an epidermis-specific phenomenon.
All three markers of lysosomes exhibited similar patterns. That is, the s. spinosum and the s. granulosum were positively stained whereas the s. germinativum and the s. corneum were not stained. The whole area of the s. spinosum and the s. granulosum was evenly stained except for the boundary area between s. granulosum and s. cornium and inside of the PNC (Fig. 9C-H) .
Vimentin was detected only in the dermis (Fig. 9B) , supporting the reliability of the assay. Our results on the localization of lysosomal markers are largely consistent with those of Hara et al [14] .
Although one of the most prominent morphological markers of apoptosis is a change in the nucleus, it is not so easy to capture the process of nuclear disintegration in keratinocytes probably due to the rapid progress of disintegration in contrast to the relatively long life span of the cells. Odland [30] showed one photograph of a degenerating nucleus, but a detailed presentation has not been done. Neonatal (and also day 20 fetal) epidermis showed a high proportion of cells with degenerating nuclei around findings seem to suggest that apoptosis is induced by cathepsins, however, the mechanisms involved may not be so simple. In mice deficient in cathepsin D, cells in the intestinal mucosa and lymphoid cells have been found to undergo severe cell death [36] . In apoptosis of PC12 cells following serum deprivation, cathepsin D acts as a death mediator and this death-inducing activity of cathepsin D was found to be prevented by cathepsin B [42] . The results obtained so far may cause some confusion, however, we think that there is convincing evidence of a close relationship between lysosomal proteases and PCD/apoptosis.
It is also intriguing that a human apoptosis specific protein was found to have homology with the product of APG 5 [13] , a gene involved in autophagy in yeast [47] .
Recently van Leyen et al.
[48] used the term "programmed or ganelle degradation" and suggested that 15-lipoxygenase plays an important role in destroying membrane-enclosed organelles in concert with cytoplasmic proteases in reticulocytes, central fiber cells of the eye lens, Several investigators have studied the localization of lysosomal proteases in the skin. Cathepsin E was shown to be distributed through all epidermal cells obtained from both rat and human skin samples, whereas cathepsin D appeared in cells of the s. granulosum [14] . Sato et al. [38] showed that the cathepsin B and C immunoreactivity was prominent in the lower s. spinosum and the s. germinativum, whereas cathepsin L and D immunoreactivity was intense in the upper s. spinosum and the s. granulosum of the rat. In contrast, cathepsin L and B antibodies was shown to be immunoreacted as diffuse staining in the entire epidermis of normal human skin [20] . In the present study, we investigated the localization of cathepsins in fetal rat epidermis using carefully selected. antibodies, compared to the distributions of apoptotic/preapoptotic and nonapoptotic sites in the same tissue.
Lens cell differentiation may be similar, but is an extreme case. During development, lens cells became transparent because of the degradation of nuclei and other organelles at least in part [2] . The cells that have lost their nuclei and organelles are maintained for the entire life of the organisms. Thus the modes of cell death are diverse and tissue specific. When organisms need to keep some terminally differentiated cells alive for several hours, days, weeks, months, or years, different mechanisms may be operative in each case. 
